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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ In cases where transition of fouling and the operative particle retention mechanisms take place 3 during filtration, this can be estimated by using the following mathematical form [14, 17, 18] Coulter, High Wycombe, U.K) for 30 minutes at 4000 rpm. The cell paste was then stored at -5 20 C for further use. For purification of plasmid DNA, the cells were dissolved with resuspension 6 buffer (Buffer P1) containing 50 mM Tris-Cl (pH 8), 10 mM EDTA and 100 g/ml RNase A. The 7 cells were then treated with lysis buffer containing 200 mM NaOH and 1% SDS (Buffer P2) for 8 2-5 minutes. The mixture was mixed gently to degrade the bacteria cell wall and to avoid 9 degradation of SC plasmids DNA. Neutralising buffer containing 3.0 M potassium acetate pH 10 5.0 (Buffer P3) was then added to precipitate proteins and other contaminants. The alkaline 11 lysis buffers P1, P2 and P3 were supplied by Qiagen (Qiagen, West Sussex, U.K). The mixture 12 was centrifuged for 5 minutes at 4000 rpm and subsequently filtered using 47 mm grade 4 (20-13 25 m pore size rating) cellulose filters (Whatman, Kent, U.K). The plasmid was later purified by 14
Hispeed Tip TM anion exchange column chromatography and Qiaprecipitator TM of Qiagen 15
Hispeed plasmids purification kits (Qiagen, West Sussex, U.K). The plasmid was then eluted 16 with 10 mM Tris-EDTA buffer. 17
2.3
Agarose gel electrophoresis
18
The plasmid DNA isoforms were confirmed by agarose gel electrophoresis. 0.6 % agarose gel 19 was pre-stained with 0.5 g/ml final concentration of ethidium bromide. The gel was run in 1X 20
Tris-Borate EDTA (Sigma Aldrich, Dorset, UK) at 4.5 volts/cm for 4 hours. Supercoiled DNA 21 ladder (Invitrogen, Paisley, U.K.) and BAC DNA ladder (Epicentre Biotechnologies, Cambridge, 22 8 UK) were used to determine the size of plasmids. Images of the DNA bands were acquired and 1 processed with Gel Doc TM EQ gel documentation system and Quantity One TM gel analysis 2 software (BioRad, CA, USA). The unfiltered feed solutions of pQR150 plasmid (20 kb) had a 3 typical supercoiled (SC) content of > 80%. For pGEc47 plasmid (56 kb), the SC content of 4 unfiltered feed solutions was > 50 %. 5
2.4
Spectrophotometry analysis 6 The concentration of DNA was measured using NanoDrop TM 2000 spectrophotometer (Thermo 7 Scientific, DE, U.S). The purity of the DNA after purification was confirmed by analysis of 8 absorbance ratio at 260/280. The 260/280 ratio was used for determination of DNA purity 9 against protein contamination; the standard ratio for plasmid purity is 1.8-2.0. 10
Filtration experiments

11
Normal flow filtrations were performed using a syringe filter unit equipped with sterilising grade 12 13 mm Millex TM / Durapore ® 0.22 m polyvinylidene fluoride (PVDF) membrane (Millipore, MA, 13 USA). The filter unit was affixed to an Amicon Stirred Cell 8300 (Millipore, M.A., U.S) connected 14 to N 2 source. The pressure drop during the filtration was measured using Millipore Integrity Test 15 kits (Millipore, MA, US). The illustration of the filtration configuration is presented in Figure 1 . 16
The plasmid DNA samples used in these experiments were pre-filtered with 0.22 m membrane 17 before the constant pressure filtration at 5 and 8 psi transmembrane pressures. The total filtrate 18 volume for each filtration experiment is approximately 5 ml. All the experiments were performed 19 at room temperature. 20
The experimental data was acquired by collecting filtrate volumes in a specific time interval. The 1 filtrates were collected with collection tubes and an electronic balance was used to measure the 2 filtrate weight. The results shown in each plots are average of two or three experiments. 
2.6
Non-linear regression analysis
6
To analyse the fouling mechanism of plasmids pQR150 (20 kb) and pGEc47 (56 kb), the 7 experimental filtration data was initially fitted with the classical blocking models (standard, 8 intermediate, complete and cake filtration blocking models) using non-linear regression tool of 9 the SigmaPlot statistical and graphing package (Systat Software, London, U.K). The 10 experimental data was subsequently fitted with combined filtration blocking models developed 11
by Bolton et al (2006) [13] to determine whether the combination of classical models can 12 provide better fit with the experimental data. The non-linear regression works by minimizing the 13 sum of square residuals of the data points from the curve of the models. 14
2.7
Power law fouling transition analysis The power law coefficient, n was obtained by taking logarithms on both sides of power law The average values of n during early, mid and late time of filtration of pQR150 (20 kb) and 7 pGEc47 (56 kb) plasmids at 5 and 8 transmembrane pressures was estimated using Equation 8
9
The transformation of the values of n was then estimated by differentiating the logarithm of 10 The absorption property of DNA is used to assess the quality of plasmid DNA during the 3 filtration. The absorbance ratio at A 260 /A 280 of both pQR150 and pGEc47 fall between1.8-2.0 4 which suggests acceptable purity of DNA against protein contamination. Furthermore, the 5 absorbance ratio at A 260 /A 230 was also used as a secondary measurement of DNA purity against 6 salts and organic compounds contamination. All samples used in this experiment fall within the 7 acceptable range of A 260 /A 230 which is between 1.5-1.8. The characterisation of plasmid DNA 8 samples using agarose gel electrophoresis showed that the plasmid is free from genomic DNA 9 and RNA. 10
3.2
Analysis of fouling transition during filtration of plasmid DNA
11
In order to obtain understanding of the process of fouling, mathematical analysis has been 12 performed to investigate the transition of fouling mechanism. Figure 2 illustrates the results of 13 the power law analysis by means of log-log Equation 4. The slope of the line increases as log 14 (dt/dV) increases, which corresponds to increasing time t. Since the slope of this line is equal to 15 power law exponent n in Equation 1, the results indicate that a transition of the dominant fouling 16 mechanism takes place during 8 psi transmembrane pressure filtration of pQR150 (20 kb) and 17 pGEc47 (56 kb). A similar trend was observed during the filtration of both plasmids at 5 psi. The 18 transition of the average value of n that describes the fouling behaviour during early, mid and 19 late time filtration is extracted from these plots. Figure 3 contains information relating to the 20 dominant fouling mechanism at a specific time during filtration in simplified form. 21
13
The common feature of all the results is that early on in the filtration, the exponent n originates 1 from a value that closes to 1. This implies that during this stage, intermediate blocking model 2 dominates the fouling, so plasmids are initially retained on the surface of membrane. Later on, 3 the values of n seem to approach n ~1.5 asymptotically. This value suggests that the fouling is 4 dominated by the standard blocking model where the internal fouling occurred within the depth 5 of the filter. 6 Figure 3 describes that during the filtration at 8 psi, the transition of the value of n (from low to 7
high n values) occurred earlier (at low dt/dV) for pQR150 (20 kb) than pGEc47 (56 kb). This is 8 expected since the smaller size of pQR150 (20 kb) allows the plasmid to penetrate the 9 membrane efficiently. 
3
The filtration behaviour of DNA is different from protein and other particulates since DNA is a 4 flexible long chain molecule. These characteristics allow DNA to penetrate the pores and 5 elongate during the passage through the membrane. Furthermore, large DNA molecule with 6 radii of gyration that is larger than the nominal pore size can potentially be retained inside the 7 interstitial pore structure. It is possible that during its trajectory through the membrane, interest is in the change of the power law constants, it is possible to control such errors to some 7 extent by repeating the best fit analysis on subsets of the data. 8
3.3
Analysis of fouling using classical filtration blocking models 9
The objectives of this study are to determine whether the classical filtration blocking models can 10 explain the fouling phenomena of large plasmids DNA and to find out the operative retention 11 mechanism of the fouling; i.e. whether a single or combination of fouling mechanisms exists. 12
In performing the non-linear regression, the initial volumetric flow rate, V 0 (m blocking models. We only test these two models since the experimental data of n is neither 21 close to cake filtration (n=0) nor complete blocking model (n=2). 22
The experimental data were then fitted with standard and intermediate blocking models to 1 investigate the ability of these models to describe the flux decline phenomena during the 2 filtration of pQR150 (20 kb) and pGEc47 (56 kb) at 5 and 8 psi transmembrane pressures. 3 Figure 4 shows the experimental data and model predictions for pQR150 and pGEc47 at 5 and 4 8 psi transmembrane pressures. 5
Imperfect agreement between the predictions of the classical blocking models and experimental 6 data can be observed in Figure 4 . The closeness of the model curves to the experimental data 7 was quantified by means of the standard error of estimates (Table 2) . The results of the filtration of large plasmids (>20 kb) contrast with the filtration of small plasmid 10 (6 kb) which followed the standard blocking model with a very good fit of R 2 >0.9999 [28] . The 11 mechanism of fouling of large plasmid DNA is different from the behaviour shown in smaller size 12 plasmid. Due to its smaller size, the latter will easily pass through the membrane as the plasmid 13 capable to align and deform more quickly into the direction of the flow, whereas large plasmid 14 DNA molecule has a higher tendency to deposit on the surface of membrane. This lends 15 support to the finding by Kong et al (2006) that the transmission of plasmids DNA depends on 16 its molecular weight [7] . 17 21
3.4
Analysis of fouling using combined blocking models
1
The test results suggested that the fouling mechanism of large plasmid DNA was not governed 2 by a single fouling mechanism as described by the classical blocking models. Therefore, we 3 tested the filtration data with the combined blocking models as described by Bolton The goodness of fit of the regression equations was again quantified by means of the standard 5 error of estimate. Results in Table 3 show that the intermediate-standard model is the best 6 model that described fouling during filtration of pQR150 (20 kb) and pGEc47 (56 kb) plasmids. 7
Comparison with Table 2 shows that improvement of the goodness of fit is obtained by 8 application of this combined blocking model. This suggests that the fouling process cannot be 9 described as a single mechanism but as a combination of multiple fouling mechanisms. For 10 future reference we have given Table 4 The transmission of both plasmids was high; >80 % during the filtration of the first 3.5 and 5.0 7 ml of filtrates for pQR150 (20 kb) and pGEc47 (56 kb) respectively (Figures 6a and 7a) . 8
However, a significant reduction of plasmid transmission was observed afterwards, with 9 considerable differences for the filtration of pQR150 (20 kb) at 5 psi. The results also suggest 10 that higher pressure filtration (at 8 psi) slightly increased the transmission of plasmids compared 11 with the filtration operated at 5 psi before the significant drop of the transmission occurred. The 12 observation is supported by the analysis by Hirasaki et al. (1995) that showed that the increased 13 in transmembrane pressure assisted the penetration of plasmid molecule into the pore [27] . 14 However, the operation at 8 psi increases the rate of fouling by increasing the flux towards the 15 membrane. This is observed by rapid decline of filtrate flux during filtration at 8 psi compared 16 with the filtration at 5 psi transmembrane pressure. During the filtration of pQR150 at 8 psi, the transmission began to drop (after filtering ~3.7 ml 1 filtrates) during the point where the values of n= 1.48 which indicates that the blocking 2 mechanism tends to the standard blocking model (Figures 6a and 6b) . The results suggested 3 that at this point, internal fouling started to dominate the filtration and influenced the reduction of 4 internal pore diameters and consequently reduced the transmission of plasmids. 5 Similar trends were observed during the filtration of pGEc47 at 5 and 8 psi (Figures 7a and 7b) . 6
The reduction of plasmid transmission can be correlated with the values of n in d 2 t/dV 2 vs. dt/dV 7 plot. During the time when the transmission started to drop at 5 and 8 psi filtration, the values of 8 n were detected at ~1.43 and ~1.44 respectively. Again, the significant reduction of plasmids 9 transmission correlated with the values of n approaching 1.5. 10
The analysis of the trend of n vs. filtrate volume, in term of molecular weight shows that the drop 11 of plasmid DNA transmission during 8 psi transmembrane pressure filtration occurred at a 12 smaller volume for pQR150 (20 kb), i.e. 3.5 ml, whereas for pGEc47 (56 kb), the drop of 13 transmission occurred at a higher filtrate volume of 5 ml. The trend can be correlated with the 14 evolution of n values which is for pGEc47 plasmid, the value of n= 1.5 was obtained after ~ 6 ml 15 of filtrate is collected, compared with the pQR150 which is around ~4 ml. The results suggest 16 that the constriction of membrane pores by plasmid as explained by standard model (n=1.5) 17 caused the drop in the plasmid transmission. The constriction of the pore throat influences the 18 deformation and elongation of plasmid; which is the critical characteristics of the molecule to 19 penetrate the pore. The results also suggest that besides the molecular weight [29] , the 20 transmission is also influenced by the dominant fouling mechanism of DNA. 21
It is interesting to note that the transmission of plasmid DNA reduced significantly when the pore 22 constriction blocking mechanism (standard model) dominated the fouling of the membrane. 23
During the initial stage of filtration when the fouling was dominated by the intermediate blocking 1 mechanism, the blockage was caused by the superposition of plasmids that are trapped on the 2 surface of membrane. However, the transmission of plasmids began to decrease strongly when 3 the pore constriction mechanism started to dominate the fouling. At this stage, the reduction of 4 pore size due to the internal fouling influenced the flexibility and ability of plasmid to penetrate 5 the pore. Constriction of the internal pore structure would reduce the available space for 6 plasmid trajectory. Plasmid is a negatively charge molecule and at high fluid concentration; 7 when the space between plasmid molecules is reduced, electrostatic repulsion between 8 molecules is increased. The repulsion increases the rigidity of plasmids and will influence its 9 trajectory through the membrane. During the initial stage of filtration when high transmission of 10 plasmids was observed, the higher magnitudes of the shear and elongational stresses that Table 4 
